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The optical conductivity [o-(lj)] spectra of alkaline-earth-filled skutterudites with the chemical 
formula y4^+M4Sbi2 {A — Sr, Ba, M = Fe, Ru, Os) and a reference material La''+Fe4Sbi2 were 
obtained and compared with the corresponding band structure calculations and with calculated cr{uj) 
spectra to investigate their electronic structures. At high temperatures, the energy of the plasma 
edge decreased with the increasing valence of the guest atoms A in the Fe4Sbi2 cage indicating hole- 
type conduction. A narrow peak with a pseudogap of 25 meV was observed in SrFe4Sbi2, while the 
corresponding peak were located at 200 and 100 meV in the Ru- and Os-counterparts, respectively. 
The order of the peak energy in these compounds is consistent with the thermodynamical properties 
in which the Os-compound is located between the Fe- and Ru-compounds. This indicated that the 
electronic structure observed in the infrared ij{u}) spectra directly affects the thermodynamical 
properties. The band structure calculation implies the different electronic structure among these 
compounds originates from the different d states 

PACS numbers: 78.30.-j, 71.20.Lp, 75.50.Bb 



I. INTRODUCTION 

Rare-earth-fillcd skutterudites have recently attracted 
attention due to their various unique physical proper- 
ties such as the magnetic field-induced quadrupole or- 
der in PrOs4Sbi2i, the pressure-induced superconduct- 
ing phase in PrRu4Pi2)^ new ordered states in high mag- 
netic fields in PrFe4Pi2,— a multipolc ordered state in 
SmRu4Pi2)^ and the magnetic field-independent heavy 
fermion state in SmOs4Sbi2^ to name a few. These un- 
conventional physical properties indicate that the com- 
bination of the guest rare-earth ions and the other two 
elements of the cage produce unique physical environ- 
ments due to the strong hybridization between these 
ions. In the filled skutterudites case, the crystal struc- 
ture shown in Figure [1] (body-centcred-cubic structure 
with /m3 (T^)^), ^1^/4X12 {A: guest atom, M: tran- 
sition metals, X: pnictogen), is the key for this strong 
hybridization. The crystal structure makes nano-sizcd 
cages composed of M4X12. The guest atoms A are lo- 
cated in these cages.— The strong hybridization between 
the A ion and the M4X12 cage is believed to be the ori- 
gin of the various unique physical properties mentioned 
above. In addition, the electronic structure of the M4X12 
frame is also important in determining the bulk physical 
properties, particularly given the magnetic moment of 
the M ion. For example, in the case of non-magnetic 
guest atoms, alkali-metal-filled iron antimony skutteru- 
dites (KFe4Sbi2 and NaFe4Sbi2) exhibit weak itinerant 
ferromagnetism due to the Fe 3c? electrons These 
skutterudites also produce iron-based heavy quasiparti- 
cles as a result J^ii^ The positional parameters u and v 
of the Sb atoms denoted in Figure [T] change depending 




FIG. 1: (Color online) The crystal structure of SrFe4Sbi2. 
The unit cell is marked by lines. The positional parameters 
u and V of an Sb atom are denoted. 



on the different A and M atoms. These positional pa- 
rameters also affect the electronic structureJ^ Given the 
positional dependence, it is important to ascertain the 
relationship between these parameters and the electronic 
structure as well as the physical properties. 

Alkaline-earth-filled antimony skutterudites ^M4Sbi2 
[A = Ca, Sr, Ba, M = Fe, Ru, Os) have been vigor- 
ously investigatedii^ Among these materials, AFe4Sbi2 
materials have an electrical resistivity with a shoulder 
at 70 K with a quadratic dependence upon decreasing 
temperatures, a thermopower with a local maximum at 
around 50 K, an electronic specific heat coefficient 7 of 
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100 mJ/mol and a maximum magnetic susceptibil- 
ity at 50 K, which commonly implies the presence of low 
energy spin fluctuations described by the self-consistent 
renormalization (SCR) theory ^^i^^ The ratio between 
the enhanced coefficient A of the quadratic electrical 
resistivity {p = AT"^) and 7 is close to the Kadowaki- 
Woods value [1.0 x 10" cm K-2/(mJ/mol K^f]. 
This phenomenon originates from the presence of heavy 
quasiparticles, observed in an infrared reflectivity ex- 
periment, arising from the Fe Sd electronsJ^ In com- 
parison, alkaline-earth-fillcd ruthenium antimony skut- 
terudites, A^"'"Ru4Sbi2, exhibit normal metallic physi- 
cal properties with a small electrical specific heat coef- 
ficient, 7 = 10 mJ/mol K^. The electrical resistivities 
of y4^+Os4Sbi2 compounds exhibit a pronounced shoul- 
der at 100 K, a magnetic susceptibility with a logarith- 
mic temperature dependence and a moderately high 7 is 
moderately high value of 45 mJ / mol The thermo- 

dynamical properties of the Os-compounds imply that 
they are located between the Fe- and Ru-compounds. 

To clarify the differences in the physical properties 
in A^+MASbi2 compounds {A = Sr, Ba, M = Fe, Ru, 
Os), the optical conductivity [(t(<x')] spectra of these com- 
pounds were obtained and compared with the band struc- 
ture calculations. The specific purpose of this comparison 
is to observe and differences between the experimental 
and calculated cr(w) spectra using the lattice constants 
and the positional parameters experimentally obtained 
by X-ray diffraction. To check the effects of the posi- 
tional parameters of the Sb atoms, the band structures 
of SrFe4Sbi2 were also calculated using the positional 
parameters of the Ru-counterpart. In the next section, 
the experimental and analytical methods including the 
theoretical calculations arc explained. In Section 3, the 
experimental and the calculated spectra are com- 

pared and which parameter is more influential regarding 
the electronic structure near the Fermi level (-Bp) is dis- 
cussed. The results are summarized in Section 4. 



II. EXPERIMENTAL AND BAND 
CALCULATION METHODS 

High density polycrystalline ^Af4Sbi2 samples were 
synthesized using a spark-plasma sintering technique pre- 
viously reportedf^ The near-normal incident optical re- 
flectivity [i?(tt')] spectra were acquired from well-polished 
samples by using 0.3 ^m grain-size AI2O3 wrapping film 
sheets. Martin-Puplett and Michclson type rapid-scan 
Fourier spectrometers (JASCO Co. Ltd., FARIS-1 and 
FTIR610) were used at photon energies [huj) of 2.5 - 
30 meV and 5 meV - 1.5 eV, respectively, at sample 
temperatures in the range of 7 - 300 K using a closed 
cycle-helium cryostat for FT1R610 and a liquid-helium 
flow- type cryostat for FARIS-1. To obtain the absolute 
R{lo) values, the samples were evaporated in-situ with 
gold, whose spectrum was then measured as a reference. 
To obtain (t{uj) spectra via the Kramcrs-Kronig analy- 



TABLE I: The lattice constants and the positional parame- 
ters {u, v) of Sb atoms in y4A'/4Sbi2 (A = Sr, Ba, La, M — Fe, 
Ru, Os) used in the band calculations. 



Compound lattice constant (pm) u i) 



SrFe4Sbi2 


918.126 


0.338393 0.160343 


SrRu4Sbi2 


928.91 


0.343316 0.158496 


SrOs4Sbi2 


933.134 


0.34154 0.15660 


BaRu4Sbi2 


931.51 


0.344393 0.159263 


BaOs4Sbi2 


933.507 


0.34174 0.157507 


LaFe4Sbi2 


913.952 


0.336966 0.160425 



sis (KKA), R{llj) was measured at 300 K over the en- 
ergy range of 1.5 - 30 eV at the synchrotron radiation 
beam hue 7B of UVSOR-II, at the Institute for Molec- 
ular Scienceii^ Since R{uj) does not significantly change 
with temperature above 1.5 eV, the R{uj) spectra above 
1.5 eV were connected to the R{u!) spectra at other tem- 
peratures in the energy range below 1.5 eV. In the en- 
ergy ranges below 2.5 meV and above 30 eV, the spec- 
tra were extrapolated using the Hagen-Rubens function 
[R(lj) = 1 - (2w/7rcrr,c)^/^] and the R{u;) oc lu'^ rela- 
tionship, respectively^^ Here ajjc denote the direct cur- 
rent conductivity. After constructing R{uj) in the energy 
region from zero to infinity, the KKA was performed to 
obtain the cr(w) spectrum. 

The band structure calculation was performed using 
the full potential linearized augmented plane wave plus 
the local orbital (LAPW -I- lo) method including spin or- 
bit coupling implemented in the Wien2k code.— The no 
overlapping mufhn-tin (MT) sphere radii of 2.50, 2.50 and 
2.27 Bohrs radii were used for the Sr, Fc and Sb atoms 
in SrFc4Sbi2, respectively. The radii of all other atoms 
in other compounds were set to similar values. The value 
of RnrKmax (the smallest MT radius multiplied by the 
maximum k value in the expansion of plane waves in the 
basis set), which determines the accuracy of the basis set 
used, was set to 7.0. The total number of Brillouin zones 
was sampled with 4000 k points. The lattice constants 
and positional parameters reported previously^! for Fe- 
and Ru-compounds were used. For Os-compounds, the 
parameters experimentally obtained by X-ray diffraction 
were used.— The lattice constants and the positional pa- 
rameters for an Sb atom that were used in this paper are 
listed in Table HI 



III. RESULTS AND DISCUSSION 

The obtained R{lo) spectra at 7 and 300 K are shown 
in Figure [21 The plasma edge [Tiujp) that is the reflectiv- 
ity minimum in this energy range is located at 0.31 eV in 
LaFe4Sbi2 and at 0.51 eV in SrFe4Sbi2. Since {hupY is 
proportional to the carrier density in the Drude formula, 
the carrier density of SrFe4Sbi2 is higher than that of 
LaFe4Sbi2. The origin of the difference in carrier den- 
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FIG. 2: (Color online) Reflectivity spectra [-R(iij)] of 
BaRu4Sbi2, BaOs4Sbi2, SrOs4Sbi2, SrRu4Sbi2, SrFe4Sbi2 
and LaFe4Sbi2 at 7 (solid lines) and 300 K (dashed lines). 
Successive curves are offset by 0.2 for clarity. The whole reflec- 
tivity spectrum of SrOs4Sbi2 in the energy range of 2 meV - 
30 eV is plotted in the inset. 



sity originates from the different valence numbers of the 
guest atoms between these materials, specifically, Sr^+ 
in SrFe4Sbi2 and La^+ in LaFe4Sbi2. The increase in 
carrier density with the increasing valence number of the 
guest atoms indicates that positive carriers (holes) are 
dominant. This is consistent with the band structure 
calculations as shown in Figure [3] and also with the pos- 
itive value in the thcrmopowcr and Hall coefficient data 
in the normal stateJ^ The band structure calculations 
indicate that the overall band structure does not change 
in these materials, with the Ep of LaFe4Sbi2 only shift- 
ing by about 30 meV from that of SrFe4Sbi2. It was 
confirmed that in Na"'"Fe4Sbi2 and K+Fe4Sbi2, hujp is 
located at 0.6 eV, which is a higher energy than that of 
SrFc4Sbi2.^^ Therefore the carrier density of Na- and K- 
compounds is higher than that of Sr^+-compounds. This 




Energy (eV) 

FIG. 3: (Color online) The calculated density of states (DOS) 
of LaFciSbiz, SrFe4Sbi2, SrRu4Sbi2, SrOs4Sbi2, BaOs4Sbi2 
and BaRu4Sbi2. The Fermi energy is denoted by a dashed 
line. 



indicates that the electrons released from the guest atoms 
control the Ep in the rigid-band-like electronic structure 
of the Fe4Sbi2 cage. It should be noted that in comparing 
with the band structure among j4Fc4Sbi2 {A = La, Sr, 
Na) materials, the hybridization band between the Fe 3c? 
and Sb bp orbitals commonly exists neat the E^, and 
that the E-p is determined only by the valence number 
of the guest atom. This indicates that the R{ijj) mini- 
mum is not only the carrier based plasma edge, but also 
includes intcrband transitions near the E-p, as discussed 
later. This fine structure near the Ep is smeared out 
by thermal broadening at 300 K. In this case, the mini- 
mum R{uj) value can be regarded as the carrier plasma 
edge at 300 K. The spectral weight /p"^" a{huj)dhuj, 
where mo the rest mass of an electron and e is the elec- 
tron charge.) below the plasma edge [hiOp = 0.51 eV) 
of SrFc4Sbi2 is evaluated to be 2.7x10^^ cm~'^, which is 
consistent with the carrier density of CaFe4Sbi2 evalu- 
ated by the Hall coefficient measurement 
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FIG. 4: (Color online) Optical conductivity spec- 
tra (dashed lines) at T = 7 K and the densities of states 
(DOS, solid lines) of BaRu4Sbi2, SrRu4Sbi2, SrFe4Sbi2 and 
LaFe4Sbi2. The cr{u!) spectra roughly correspond to the un- 
occupied states in the DOS. The insets in LaFe4Sbi2 and 
SrFe4Sbi2 are a larger scale of each figure below 0.2 eV. 



The next step in this comparison is to make clear 
which electronic structure an a{u!) spectrum corresponds 
to. The a{iu) spectra at T = 7 K and the densities of 
states (DOS) above the E'p's of LaFe4Sbi2, SrFe4Sbi2, 
SrRu4Sbi2 and BaRu4Sbi2 are then plotted, as shown in 
Figure m For LaFe4Sbi2, the (t{lli) spectrum monotoni- 
cally decreases with increasing photon energy for energies 
less than 0.4 cV with the exceptions of the TO-phonon 
structure at around 0.02 eV. Above 0.4 eV, the <j{oj) spec- 
trum is dominated by the shoulder structure at around 
0.8 eV. The DOS above the Ep also monotonically de- 
creases with increasing energy below 0.15 eV, disappears 
between 0.2 - 0.8 eV, and appears again above 0.8 eV. 
In this case, the <7{uj) spectrum can be attributed to the 
DOS above the E-p in which the spectrum originates from 
the transition from the DOS at the Ep to the unoccupied 



states. 

In the case of SrFe4Sbi2, a shoulder structure (un- 
clear, but it is not flat) in the ct(w) spectrum appears 
at around huj =0.9 eV that corresponds to that at 0.8 eV 
in LaFe4Sbi2. In addition, an additional peak in the 
(j{lo) appears at 25 meV. Roughly speaking, the addi- 
tional peak can also be explained by unoccupied states in 
the DOS, as shown in the inset of Figured] However, the 
peak in the cr(a;) spectrum is located at 25 meV as com- 
pared with the location of the DOS peak at 50 meVi^ 
The origin of this difference is discussed later. Due to the 
rigid-band- like shift of the Ep , the peak structure that is 
located below the Ep in LaFe4Sbi2 is pushed up above 
the Ep in SrFe4Sbi2. Coincidently, the "V" -shaped DOS 
peak located 40 mcV below the Ep in LaFe4Sbi2 is moved 
up to the Ep. cr(aj) spectra with a narrow pseudogap 
structure, which commonly appears in A^"'"Fe4Sbi2 ma- 
terials, reflect the "V" -shape DOS of the Ep,^^ 

In the case of SrRu4Sbi2 and BaRu4Sbi2, a broad peak 
in the a{uj) spectra appears at 0.2 eV that is consistent 
with the peak in unoccupied states in the DOS as shown 
in Figure m In addition, shoulder structures in the (t(u;) 
spectra appear at 1.25 and 1.35 eV in SrRu4Sbi2 and 
BaRu4Sbi2, respectively, that corresponds to additional 
states of the DOS. Based on this analysis, it was con- 
cluded that the (t{uj) spectra of LaFe4Sbi2, SrFe4Sbi2, 
SrRu4Sbi2 and BaRu4Sbi2 shown in Figure S] correspond 
to unoccupied states in the DOS. 

In the Os-compounds, the cr(w) spectra can not be 
explained by these unoccupied states. According to Fig- 
ure [31 DOS fine structures exist not only above but also 
below the Ep for these materials. It is then possible for 
the occupied states to also determine the (j{uj) spectra. 
An additional comparison of the calculated cr(w) spectra 
from the band structure calculations to the experimental 
ct(w) spectra is then required. 

To clarify the effect of the different atoms in Fc, Ru and 
Os to the electronic structure in detail, the experimen- 
tal <7{ll}) spectra are compared with the theoretical ones 
obtained from the band structure calculation. The 17(0;) 
spectra due to interband transitions are derived from the 
function as follow in which the direct transition is as- 
sumed.^ 



a{uj) 



EE 



'(fc) 



Here, the \n'k) and \nk) states denote the occupied and 
unoccupied states, respectively, is the Fermi-Dirac 

function, TiLOnn' — e„g — ^^'k energy difference of 

the unoccupied and occupied states and F is the lifetime 
parameter. In the calculation, F = 1 meV was assumed. 

The calculated it{lo) spectra of SrM4Sbi2 (M = Fe, 
Ru, Os) and LaFe4Sbi2 and the corresponding experi- 
mental spectra are shown in Figure [5l The experimental 
spectra over the wide energy range in the right figures of 
Figure O has a tail towards the higher energy side, which 
was reproduced by the calculation with reasonable accu- 
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FIG. 5: (Color online) Experimental optical conductivity 
[(t(w)] spectra at T = 7 K (dashed lines) compared with 
the corresponding calculated ones (solid lines) of SrAf4Sbi2 
(M — Fe, Ru, Os) and LaFe4Sbi2. The left figures are expan- 
sions of the low energy region. 



racy. However, the large peak experimentally observed 
at around fko = 2 eV that corresponds to the interband 
transition from the valence to conduction bands is lo- 
cated at about 3 eV in the calculated spectra. The ex- 
perimental peak slightly shifts to the higher energy side 
changing from M = Fe to Os, and the corresponding peak 
in LaFe4Sbi2 is located at a lower energy than that of 
SrFe4Sbi2. The shifts in the peak energies are consistent 
with the calculations. By comparison, the spectral fea- 
tures in the lower energy region shown in the left figures 
in Figure [5] drastically change with changing M. In the 
case of SrFc4Sbi2, as reported in previous papers^ii^ a 
pseudogap appears below 14 meV, and a peak is present 
at around 25 meV. In comparing the calculated spectra 
with LaFe4Sbi2, the <t{u}) spectrum of SrFe4Sbi2 has a 
peak at 60 meV. This peak was assumed to correspond to 
the experimental peak at 25 meV despite the large energy 
difference. The origin of this inconsistency is discussed 
later. 

In the case of SrRu4Sbi2, a broad peak was experi- 
mentally observed at 0.2 cV. There is a corresponding 
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FIG. 6: (Color online) Calculated optical conductivity 
[(j(a;)] spectra of SrFe4Sbi2 using the positional parameters 
of SrFe4Sbi2 (solid line) and of SrRu4Sbi2 (dashed line) com- 
pared with the experimental spectrum (dotted line). 



peak at the same energy in the calculated spectrum. In 
the case of SrOs4Sbi2, two peaks at 0.1 and 0.5 eV and 
a shoulder at 0.22 eV were experimentally observed. All 
of these structures were reproduced by the calculation. 
BaOs4Sbi2 exhibited the same result as SrOs4Sbi2 (re- 
sults not shown). Based on this, all of the experimental 
ct(w) spectra of the AAf4Sbi2 materials reported here can 
be qualitatively reproduced by the band calculation. In 
comparison with the other experiments, the order of the 
peak energies for M is the same as for the other physical 
properties of these materials. For instance, the electronic 
specific heat coefficient 7 is 100, 10 and 45 mJ/mol 
in M = Fe, Ru, Os, respectively. This indicates that the 
low energy peak in the criio) spectra as well as the shape 
of the DOS near the Ep strongly affects the thermody- 
namical physical properties in j4M4Sbi2 materials. 

The possibilities of the origin of the difference of the 
spectral shapes among M = Fe, Ru, Os in the infrared 
region include the different positional parameters of Sb 
ions and the differences in the wave function of the d 
electrons due to the different principal quantum num- 
bers. In order to ascertain the effects of the different 
positional parameters, the 17(0;) spectrum of SrFe4Sbi2 
with the positional parameter of the Ru-counterpart was 
calculated, as shown in FigurelHl The characteristic peak 
at 60 meV is again present even using the Ru positional 
parameters, although the intensity is lower. This result 
indicates that the positional parameters of Sb ions do not 
affect the electronic structure near the Ep, but the dif- 
ferences in the wave functions of the d states in M = Fe, 
Ru, Os are dominant. Therefore, the differences in the 
physical properties among these materials also originate 
from the different wave functions of the d states. Partic- 
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ularly in the case of SrFe4Sbi2, the electronic structure 
near the is largely determined by the Fe 3d - Sb 5p hy- 
bridization state. The pseudogap structure is concluded 
to originate from the localization of the Fe 3d state. As 
noted previously, the experimentally obtained peak en- 
ergy of 25 meV for SrRu4Sbi2 is lower than the calculated 
one (60 meV), which is not the case for the other com- 
pounds. This low energy shift in the experimental peak 
might be due to the renormalization effect arising from 
the strong electron correlation or due to the self-energy 
effect observed in the photoemission spectra<^ The exis- 
tence of heavy quasiparticles originating from the Fe 3d 
state has been previously reportedJ^ The origin of the 
heavy quasiparticles is believed to be the Kondo effect re- 
sulting from the hybridization between the localized Fe 
3d state and conduction band. However, since SrFc4Sbi2 
is located very near the ferromagnetic ordering state, the 
spin fluctuation effect must also be considered. Heavy 
quasiparticles due to the spin fluctuation are also pre- 
dicted by the SCR theory ^''i^^ Both the peak shift and 
the presence of heavy quasiparticles suggest the Fe 3d 
state in SrFe4Sbi2 has stronger electron correlation than 
the Ru- and Os-compounds. 

IV. CONCLUSION 

In summary, to investigate the electronic structure of 
the A/4Sbi2 cage in AM4Sbi2 {A = Sr, Ba, La, M = Fe, 



Ru, Os) materials, we measured the optical conductivity 
[cr(a;)] spectra and compared with band structure cal- 
culations as well as calculated o(lS) spectra. Both the 
energy shift of the plasma edge due to the different va- 
lence number of guest atoms A in the Fe4Sbi2 cage and 
the corresponding band calculation suggest the hole-type 
carriers. The experimental (j{lo) spectra were reasonably 
well reproduced by the band calculations using experi- 
mental lattice constants and positional parameters. The 
cr(u;) spectra of SrM4Sbi2 (M = Fe, Ru, Os) in the in- 
frared region drastically change with different M. The 
origin of this change does not originate from the different 
positional parameters of Sb ions but from the different 
wave functions of d states due to the different principal 
quantum numbers of M ions. 
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